Abstract: Planning of interventions to treat cardiac arrhythmia requires a 3D patient specific model of the heart. Currently available commercial or free software dedicated to this task have important limitations for routinely use. Automatic algorithms are not robust enough while manual methods are time-consuming. Therefore, the project attempts to develop an optimal software tool. The heart model is generated from preoperative MR data-sets acquired with contrast agent and allows visualisation of damaged cardiac tissue. A requirement in the development of the software tool was the use of semi-automatic functions to be more robust. Once the patient image dataset has been loaded, the user selects a region of interest. Thresholding functions allow selecting the areas of high intensities which correspond to anatomical structures filled with contrast agent, namely cardiac cavities and blood vessels. Thereafter, the targetstructure, for example the left ventricle, is coarsely selected by interactively outlining the gross shape. An active contour function adjusts automatically the initial contour to the image content. The result can still be manually improved using fast interaction tools. Finally, possible scar tissue located in the cavity muscle is automatically detected and visualized on the 3D heart model. The model is exported in format which is compatible with interventional devices at hospital. The evaluation of the software tool included two steps. Firstly, a comparison with two free software tools was performed on two image data sets of variable quality. Secondly, six scientists and physicians tested our tool and filled out a questionnaire. The performance of our software tool was visually judged more satisfactory than the free software, especially on the data set of lower quality. Professionals evaluated positively our functionalities regarding time taken, ease of use and quality of results. Improvements would consist in performing the planning based on different MR modalities.
Introduction
Cardiac arrhythmias are defined as irregularities in the pace of the heart [1] . The heartbeat is too slow, too fast or inconsistent. As a consequence, the pathological timing of the systolic and diastolic phases causes irregular contractions and relaxations of the heart muscle. Therefore, the heart's function of pumping blood is impaired in form of reduced pumped volume and possible backflow. Heart tissue damage, which is for example the consequence of a heart attack, is a major cause for cardiac arrhythmias since it inhibits proper generation and/or conduction of the electrical impulse in the heart's muscle [2] . The choice of treatment depends on the location and extends of the sustained damage. If the damage occurs in the sinoatrial node, whose function is the generation of electrical signal, a surgical procedure involving the implantation of pacemakers is performed. If the cardiac muscle is scared, the treatment consists in removing or destroying the isolated cells that cause the disturbance in order to restore the tissues former functionality.
Detection of these injured cells is performed by physicians on patient image data set, for example obtained using magnetic resonance imaging [3] . This imaging modality is well adapted to the visualization of soft tissue like the heart. The use of a contrast agent enables to enhance the vascular structures and the cardiac cavities in the image data. Damaged tissue is innately represented with high intensities as well.
Moreover, the marking and delineation of target structures, like the injured area, during the planning step of the intervention can be performed using specific software tool [2] . As a result, 3D specific patient model is generated for visualization purposes for a better planning of the surgery [4] . Extend of injured tissue can be in this way quantified. During surgical interventions, navigation systems combined with the 3D heart model allow guiding more accurately the physician.
However, time for the generation of the heart model has to fit the clinical workflow (see Figure 1) . Currently available commercial or free software dedicated to this task have important limitations for routinely use. Automatic algorithms are not robust enough while manual methods are time-consuming. Therefore, this project attempts to develop an optimal software tool in collaboration with physicians of the Heart Centre of the University Hospital of Leipzig. 
Material and methods

Existing software tool
Several software tools were tested at the Heart Centre to generate a 3D patient specific heart model. In particular the non-commercial tools ITK-SNAP [5] (http://www.itksnap.org/pmwiki/pmwiki.php ) and 3D Slicer (https://www.slicer.org/ ) were able to produce satisfying results.
ITK-SNAP. This generic software tool is dedicated to the 3D automatic segmentation of all possible kinds of medical image data, without specific medical applications. It uses 3D-active contour models whose evolution in a predefined region of interest is guided based on intensity or gradient information. The algorithms are fast and the generated 3D model can be exported. The tool is generic and the segmentation of specific structures requires tests and experience from the user to get satisfying results.
3D
Slicer. This free, multi-platform, open source piece of software is dedicated to medical image computing and three-dimensional image visualization. It provides basic functionalities, such as a graphic user interface (GUI), as well as a platform for community made extensions to be loaded. These extensions add to the software's existing functionality, therefore allowing the development and usage of full toolkits with various medical applications. One such tool-kit is the slicer cardiac MRI (CMR) toolkit created by the University of Utah with the purpose of heart fibrosis and scar quantification. It consists of thirteen standalone extensions, including the import of data, the segmentation of left atrium endocardium and wall without the pulmonary veins, the detection of scar tissue, the visualization and export of the 3D model. Each interlinked extension has to be loaded separately in a specific order at the beginning and the result has to be saved at the end of each session. This results in a slowed workflow and increases the difficulty of modifying previous steps to compare the resulting changes. Moreover, the segmentation is partly manually performed in the 2D slices. Fixed rules, for example the heart wall has a width of four pixels, are used which do not always fit the pathological reality.
Clinical and technical requirements for the development of new software tool
The goal of the work is the generation of a 3D model of patient heart based on preoperative MR image data for planning of surgical intervention. The 3D model includes scar tissue located on the left atrium. For that, a new optimal software tool was developed in close collaboration between ICCAS and the Heart Centre of the University Hospital of Leipzig. Mandatory functionalities of the new software were defined as:  Load DICOM image datasets  Segmentation of the heart ventricles and atria  Detection of scar tissue  Visualization tools  Export the generating 3D model in a suitable format
Technical requirements for the development of the functionalities were the use of semi-automatic functions to be more robust and the possibility of manual corrections. Moreover, the software tool had to be user friendly and the total processing time had to be compatible with the clinical workflow.
Development tools
The development platform MevisLab developed by Fraunhofer Institute for Medical Image Computing MEVIS (http://www.mevislab.de/ ) was used to implement the software tool. MevisLab is available for multiple platforms (Windows, IOS, Linux) and is a quick prototyping platform dedicated to medical image processing and visualization. Filters and functions are available in the form of modules which can be linked together into a pipeline through a user interface. This allows the fast test of functions and the implementation of prototypes. A user interface can be implemented based on the developed pipeline prototype.
Evaluation
Firstly, the evaluation was performed by visually comparing the 3D models generated by ITK-SNAP, 3D Slicer and our software tool based on two image datasets of good and lower quality. Secondly, our tool was tested by one physician and four scientists. The task required was the generation of a 3D heart model and the extraction of left atrial fibrosis from the given image dataset. Time to generate the 3D model was measured and a questionnaire was filled.
Results
Developed software tool
The workflow of the software tool is depicted in Figure 2 . The steps are, unlike in 3D slicer, connected to each other. Selection tools and pre-processing. The goal of these sections is the generation of a 3D heart model including the ventricles, the atria and the vascular structures. Firstly, the user delineates in three to four slices of the data set the corresponding area containing the heart. A 3D region of interest is then generated by interpolation. Afterwards thresholding and region-growing filters are used to keep only the anatomical structures enhanced with contrast agent. Extracted noise can be manually selected and removed. Figure 3 shows an example of 3D heart model obtained at the end of the sections. Structure selection and damaged tissue. The goal of these sections is the detection of scar tissue within the left atrium. Firstly, the wall of the left atrium is extracted. For that, the user delineates manually and coarsely the boundary of the left atrium endocardium in a couple of slices of the image data. An active contour model method optimizes the position of the boundary according to intensities and an interpolation filter reconstructs the contours in the other slices (Figure 4 left and middle). Interactive modifications are always possible. Secondly, an internal and external offset, whose value is given by the user, is set to the previous obtained contour to define a search area (Figure 4 right) . Thirdly, scar tissue is extracted as spots with high intensity in the search area using thresholding filters. Then, a 3D model of fibrosis is represented and noise can be interactively removed with 3D tools (Figure 5 ). 
Evaluation
Visual comparison of the generated 3D models
The performance of our software tool was evaluated based on the segmentation of the left atrium and of scar area. Left atrium. Although ITK-SNAP offers automatic segmentation methods, it had difficulties to properly extract the left atrium and manual corrections performed slice by slice were needed. As explained previously, the segmentation in 3D Slicer was manually performed slice by slice which was time-consuming. On the other hand, our semi-automatic tool required the coarse delineation of the atrium contours in only six slices to obtain a satisfactory 3D model. The appearance of the three generated 3D models was similar on the two image datasets. However our 3D models looked smoother than those generated by ITK-SNAP and 3D Slicer due to the 3D processing.
Scar tissue. The extraction of damaged area in the left atrium endocardium was overestimated in the atrium cavity using ITK-SNAP because of the impossibility to define an appropriate mask including the atrium wall only. On the other hand, 3D Slicer and our software tool enable the definition of an appropriate search area. However, the amount of false positives was more important with 3D Slicer (Figure 6 ). 
Questionnaire
Participants to the test could get used to the developed software tool fast and easily and evaluated it positively. However, they complained about the large number of steps required to obtain the result. Time to generate the models was less than 30 minutes which was less than half time that medical staff conventionally needs with other software tools.
Discussion and conclusion
We were able to implement a software tool dedicated to the extraction and visualization of a 3D heart model including scar tissue of the left atrium endocardium. The software tool was implemented using the MeVisLab development tool-kit. The steps are similar to those in 3D Slicer but optimized. Therefore, medical staff evaluated positively the developed software tool and intended to use it in routine clinical use.
Future improvements would consist in performing the planning of intervention based on different MR modalities which will have to be fused.
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